Long-term drug-induced alterations in neurotransmission within the nucleus accumbens (NAc) shell and core may underlie relapse to drug-seeking behavior and drug-taking upon re-exposure to drugs and drug-associated stimuli (cues) during abstinence. Using an open screening strategy, we recently identified 25 gene transcripts, encoding for proteins involved in neuronal functioning and structure that are down-regulated in rat NAc shell after contingent (active), but not after noncontingent (passive), heroin administration. Studying the expression of the same transcripts in the NAc core by means of quantitative PCR, we now demonstrate that most of these transcripts are up-regulated in that NAc subregion long (3 weeks) after heroin self-administration in rats. A similar up-regulation in gene expression was also apparent in the NAc core of animals with a history of non-contingent heroin administration (yoked controls). These data indicate that heroin self-administration differentially regulates genes in the NAc core as compared with the shell. Moreover, whereas cognitive processes involved in active drug self-administration (e.g., instrumental learning) seems to direct gene expression in the NAc shell, neuroplasticity in the NAc core may be due to the pharmacological effects of heroin (including Pavlovian conditioning), as expressed in rats upon contingent as well as non-contingent administration of heroin.
modifications in gene expression (2, 4) . Hence, identification of the genes that are involved in relapse behavior represents an ultimate goal in current addiction research. The two subregions, within the NAc of the striatum, that currently receive particular attention are the NAc core, surrounding the anterior commissure, and the NAc shell, enclosing the core. The different neuronal connections of these NAc subregions indicate that they may subserve distinct functions considering the regulation of motivational behavior such as drug addiction (6) (7) (8) . The NAc core seems to be involved in reinforcement learning, that is, Pavlovian conditioning (9, 10) , and the shell may mediate the impact of previously learned associations on goal-directed behavior (10) (11) (12) (13) . Moreover, because local administration of amphetamine in the NAc shell was shown to potentiate cue-induced incentive motivation for reward, the shell may play a pivotal role in stimulus-induced relapse during abstinence (14) . In this respect, the NAc shell and core represent functionally linked subregions, whereby neuronal activity in the shell regulates that in the core through disinhibition (15, 16) .
Using an open screening methodology (subtractive hybridization) combined with quantitative PCR, we recently identified a unique set of transcripts that is down-regulated in the NAc shell long after contingent (active/voluntary), but not non-contingent (passive/forced), heroin administration in rats (17) . This approach allowed the detection of subtle changes in the expression of even low abundant genes, generating insight into the nature of the cellular processes that are persistently altered. The 25 transcripts identified in that study encoded for proteins involved in neuronal growth, apoptosis, signal transduction, transcription, translation, and cell metabolism, revealing a plethora of cellular processes that may subserve relapse behavior. Apparently, the regulation of these processes in the NAc shell is directed by cognitive processes (e.g., instrumental learning) involved in drug self-administration (not apparent upon non-contingent drug treatment). In view of the differential role of the NAc shell and core in motivational behavior and the functional relationship between these subregions, the present study was designed to examine the long-term effects of heroin exposure on the expression of these transcripts in the NAc core and the role of response contingency in mediating specific genomic responses.
MATERIALS AND METHODS

Animals
Male Wistar rats weighing 180-200 g (Harlan CPB, Zeist, The Netherlands) were individually housed in Macrolon cages with food and water ad libitum. Animals were adjusted for 2 weeks prior to surgery to an inverted 12 h light/dark cycle with the lights on at 7 p.m. Animal experiments were performed during the dark period and were approved by the Animal Care Committee of the Vrije Universiteit, Amsterdam, The Netherlands. Animals were equipped with a silicon catheter as described previously (18) under ketamine (60 mg/kg, i.m.)/xylazine (4 mg/kg, i.p) anesthesia. From one day after surgery, animals were handled briefly during three days prior to experiments.
Drug administration
In this study, the same animals were used as in our previous study for quantitative PCR experiments by using the NAc shell (17) . Thus, animals were used in a heroin self-administration paradigm as described previously (17, 18) and were divided into three treatment groups (4-6 animals per group) that (i) could intravenously self-administer saline, (ii) could intravenously self-administer heroin, or (iii) received the drug in a non-contingent manner (yoked control). Every effective response of a rat self-administering heroin by nose-poking resulted in an intravenous infusion of an equal amount of drug into a yoked rat. Effective responses were accompanied by a click, the sound of the pump, and the extinction of the house light for 20 s, during which responding was ineffective. Thus, yoked rats received a signal before drug infusion but had no control over their intake. During the acquisition and maintenance phase of 3 weeks (six daily 3 h sessions/week), saline or heroin (50 µg/kg/infusion; OPG, Utrecht, The Netherlands; dissolved in sterile saline) was administered on a continuous schedule of reinforcement (FR1). The animals were then subjected to an extinction protocol of 3 weeks (six daily 2 h sessions/week), during which the drug was replaced by saline and all other conditions were kept constant. At 24 h after the last extinction session, animals were decapitated; their brains were removed; and the NAc core was dissected on dry ice from a coronal slice (bregma +1.2 to +2.2 mm) by making incisions as illustrated in Fig. 1 , using the anterior commissure as reference point, and stored at -80°C until use.
Real-time quantitative PCR (qPCR)
Total RNA was extracted from the NAc core of the rats essentially as described previously (19) , with an additional phenol/chloroform/isoamylalcohol and a separate chloroform extraction. After ethanol precipitation, RNA was dissolved in water and the integrity of RNA was checked by gel electrophoresis. NAc core RNA from each animal of the treatment groups (4-6 animals per group) was pooled and treated with DNase I (20 U/µg RNA) according to the manufacturer's instructions (Roche, Mannheim, Germany). Following phenol/chloroform/isoamylalcohol extraction and ethanol precipitation, the integrity of the RNA was checked by gel electrophoresis. This RNA was random-primed with 300 pmol hexanucleotides and reversetranscribed by using 1200 U MMLV H -reverse transcriptase (Promega, Madison, WI). For each of the 25 transcripts previously reported to be down-regulated in the NAc shell long after heroin SA (17) , qPCR was performed in triplicate on each plate and repeated 2-3 times by using an ABI PRISM 7700 Sequence detector (Applied Biosytems, Foster City, CA). PCR conditions and SYBR Green reagents were used in a reaction of 20 µl by using transcript-specific primers (0.3 µM) and 0.7 µl cDNA according to guidelines of the manufacturer (Applied Biosystems) with the exception of 45 cycles and elongation at 59°C. Transcript-specific primers (17) were generated with Primer Express software (Applied Biosystems) based on GenBank sequence information, verified by NCBI BLAST search, and custom synthesized (Eurogentec, Seraing, Belgium). In the absence of rat orthologs of known human or mouse sequences, primers were designed based on a matching rat EST sequence or the library clone sequence. Primer sets were tested by PCR and gel electrophoresis for the absence of primer-dimer artifacts and multiple products. Amplification efficiency of each set was determined by qPCR using repetitive dilution series of NAc cDNA. Only primers with an efficiency of ~2 were used. The cycle of threshold (C t ) was determined as the value three cycles above noise. For each primer set a no-template control was performed and C t values with a difference smaller than six cycles were discarded, resulting in an ~1.5% acceptance of background. The C t value was used to calculate the relative level of expression (contingent or non-contingent heroin administration vs. saline administration) and was normalized to the transcript for hypoxanthine phosphoribosyltransferase (HPRT). Calculations were as instructed by the manufacturer (Applied Biosystems). Relative gene expression levels of the transcripts from replicate measurements on the pooled material (see above) were expressed as means ± SEM. Statistical significance of differences (P<0.05) between the experimental groups (contingent or non-contingent heroin administration vs. saline administration) was determined by Student-Newman-Keuls analysis.
RESULTS
The expression of transcripts down-regulated in the NAc shell long after selfadministration of heroin is up-regulated in the core
The acquisition and maintenance of heroin self-administration developed as described previously (17, 18) . Accordingly, during the acquisition period, heroin-treated animals responded more in the active hole than did saline-treated animals. Moreover, responding in the inactive hole was less for both groups. During the first session of extinction, responding in the active hole increased significantly in the self-administration group. However, there was also an increase in responding in the saline group, possibly due to increased arousal in the neighboring cages. After 18 extinction sessions, the number of responses for the heroin treatment group was strongly reduced relative to the first extinction session and reached the level of that for the saline treatment group (Fig. 2) . However, there was no statistically significant difference between the extinction and maintenance phases. To investigate whether the observed down-regulation of a recently identified set of transcripts in the NAc shell long after heroin self-administration (17) displays regional specificity within the NAc, we determined their expression levels in the NAc core of the same animals by means of transcript-specific qPCR to detect subtle changes in the expression of even low abundant transcripts. Values were normalized to the transcript for HPRT. As shown previously (17), the expression of additional endogenous controls (glyceraldehyde-3-phosphate dehydrogenase, neuron-specific enolase, α-tubulin, β-actin, and ubiquitin) was not differentially regulated (data not shown). In contrast to down-regulation in the NAc shell, most transcripts were up-regulated in the core long after heroin self-administration. Of the 25 transcripts down-regulated in the NAc shell, 18 were significantly up-regulated and only 2 of the transcripts were also down-regulated in the NAc core (Fig. 3A) . The differential regulation of five transcripts did not reach statistical significance. The average regulation of the 25 transcripts was 1.46 ± 0.13 fold.
Possible role of response contingency in heroin-induced gene expression
To examine the possible role of response contingency in the expression of these 25 transcripts in the NAc core, we determined their expression long after non-contingent exposure to heroin in socalled yoked controls. As observed following heroin self-administration, most of the transcripts (20 out of 25) were significantly up-regulated in the NAc core upon non-contingent administration of the opiate. In this case, the regulation of five transcripts did not reach statistical significance. The average regulation of the 25 transcripts was 2.40 ± 0.66 fold (Fig. 3B) . Finally, from the 18 transcripts that were up-regulated in the NAc core upon heroin self-administration, no less than 16 transcripts were also up-regulated by non-contingent administration of heroin (Fig. 3) . The overall expression data of the 25 transcripts upon contingent and non-contingent exposure to heroin in both the NAc shell and core are shown in a qualitative manner in Fig. 4 .
DISCUSSION
Unravelling the molecular basis of long-term neuroplasticity underlying relapse behavior may ultimately lead to an adequate pharmacotherapy for drug addicts (4) . In an initial study to identify the long-term genomic consequences of drug exposure, we discovered a set of gene transcripts that is down-regulated in rat NAc shell long (3 weeks) after contingent, but not noncontingent, heroin administration, thereby revealing key cellular processes that may underlie reinstatement of drug-seeking behavior during abstinence (17) . This set of transcripts was obtained from a well-controlled subtraction screening (validated by qPCR) between the NAc shell of rats that previously self-administered heroin and that of rats responding for saline. The transcripts are of interest because they encode for proteins that are involved in a wide variety of cellular processes, such as neuronal growth, apoptosis, synaptic transmission, neuropeptide synthesis and release, transcription, translation, and cell metabolism. Moreover, they may be involved in the response to addictive drugs in general, as 17 of the 25 transcripts were also shown to be down-regulated upon cocaine self-administration. Finally, the differential expression of the transcripts was observed long after drug exposure, suggesting that they may be responsible for long-term reinstatement of the extinguished drug-seeking behavior upon re-exposure to drugs or drug-associated cues as observed by using this animal model for relapse behavior (20) . To study the region-specificity of drug-induced genomic responses, considering the functional compartmentation of the NAc, we focused in this study specifically on this set of 25 transcripts. We revealed striking differences in gene expression between the NAc core compared with the shell, and we showed that most of these transcripts are up-regulated in the NAc core long after repeated heroin exposure independent of instrumental learning.
But how can the dichotomous response of the NAc subregions be explained? It is now widely accepted that the NAc cannot be considered as a single unit; rather its subregions can be distinguished anatomically and functionally. Histochemical studies have revealed that the NAc shell comprises the medial, ventral, and rostral parts of the NAc, whereas the NAc core is located in the dorsal and central parts (6, 7, 21, 22) . In addition, each of both subregions is connected to other brain areas, with the NAc shell embedded in the limbic emotional and motivational circuit and the NAc core in the circuits mediating motor expression in response to motivational stimuli (7, 21, 23) . Besides the anatomical subdivision, the embedding of the subregions in different brain circuits is also reflected in their differential function in several behaviors (8) . For instance, the NAc shell and core are differentially involved in latent inhibition, with the NAc shell modulating the activity of the core (24) . In relation to self-administration of addictive drugs, two processes are of particular importance: reinforcement learning and conversion from motivation to action. The NAc core seemed to mediate reinforcement learning (9, 10), whereas the NAc shell was shown to integrate reward-associated (Pavlovian) cues to trigger increased instrumental performance for obtaining drug reward (10, 11) . In relation to this, differences in the release of dopamine in the NAc shell and core of drug-exposed rats have also been reported. For example, non-contingent exposure to morphine, cocaine, or amphetamine acutely increased extracellular dopamine levels preferentially in the NAc shell compared with the core (25) . Also, behavioral sensitization to morphine (26) , cocaine (27) , or nicotine (28) was associated with enhanced dopamine release in the NAc core and with decreased dopamine release in the shell. In addition, pre-exposure to conditional appetitive stimuli seemed to inhibit the consummatory dopamine response in the NAc shell, whereas this response was potentiated in the core (29) . The present study lends further support to the functional compartmentation of the NAc, because both subregions adapted differentially at the level of gene expression long after contingent as well as non-contingent exposure to heroin. Long after contingent administration of heroin, there seems to be a reciprocal relationship between the opiate-induced genomic responses in these NAc subregions, in agreement with the aforementioned neurochemical observations. The activity of the NAc core has been suggested to be under control of the shell (24, 27) , and as such the latter subserves a neuronal mechanism to activate instrumental actions (11, 21, 30) . Moreover, the NAc core is modulated by means of projections from the NAc shell to the ventral tegmental area and substantia nigra pars compacta terminating on dopaminergic projections to the NAc core (15, 31, 32 ).
An important finding in the present study is that the genomic responses in the NAc core long after contingent and non-contingent heroin administration are qualitatively similar, whereas in the NAc shell these responses profoundly differ. Thus, unlike the long-term genomic responses in the NAc shell, both contingent and non-contingent heroin exposure enhanced the expression of the studied set of transcripts (down-regulated in the NAc shell by heroin self-administration only). Therefore, the cognitive processes involved in drug self-administration only may direct the genomic response observed in the NAc shell, whereas the similar long-term genomic responses in the NAc core upon contingent and non-contingent heroin administration may reflect the persistent pharmacological effects of heroin (including Pavlovian conditioning).
Although our data are of interest from a conceptual point of view, much work is ahead to obtain a genome-wide overview of differentially expressed genes in both subregions of the NAc. For instance, future studies on gene expression should reveal transcripts that are up-regulated in the NAc shell long after self-administration of heroin and other addictive substances, as well as transcripts uniquely differentially regulated in the core, before addressing the question of which of these genes are responsible for the persistence of drug addiction. ## P < 0.01, # P < 0.05; significant differences from saline control: **P < 0.01, * P < 0.05; significant differences between maintenance phase and start of the extinction phase: † † P < 0.01; significant differences between start and end of the extinction phase: ‡ ‡ P < 0.01 by Student-Newman-Keuls. (17) . Data are derived from Figs. 3 and 4 from this study and from our previous study (17) . Green squares: significantly down-regulated; red squares: significantly up-regulated; black squares: regulation not significant (P ≥ 0.05).
